The gene vumABst) encoding an oxygen-labile fumarase of Bacillus stearothermophilus has been cloned and sequenced. The structural gene (1542 bp) encodes a product (FumA,J of M, 56788 containing 514 amino acid residues. The amino acid sequence is 23% identical (37% similar) to FumA and FumB, the labile [ 4 F d S ] -containing fumarases (Class I enzymes) of Escherichia coli. It exhibits no significant similarity to FumC and CitG, the stable fumarases (Class I1 enzymes) of E. coli and Bacillus subtilis (respectively). Enzymological studies indicated that FumA,,, resembles the iron-sulphur-containing fumarases in being dimeric (M, 2 x 58 500), oxygen labile and partially reactivated by Fe2+ plus DTT. ThefumA,, gene is the first gene encoding a Class I fumarase to be characterized in any organism other than E. coli. Enzymological and DNA-hybridization studies further indicated that B. stearothermophilus resembles E. coli in containing an oxygen-stable fumarase (Class I1 enzyme). Sequence comparisons revealed significant similarities between the Class I fumarases and the products of adjacent open-reading frames ( o r f l l and orfl2) located upstream of the macromolecular synthesis operon (rpsU-dnaGrpoD) at 67 min in the E.coli linkage map. Located downstream of fumA,,, there is an unidentified gene (orfl), which is homologous to the rhizobial nodB genes involved in the initiation of root nodule formation.
Introduction
Fumarase (fumarate hydratase : EC 4.2.1 .2) catalyses the interconversion of fumarate and L-malate. It functions in the citric acid cycle during aerobic metabolism and in the reductive pathway of the branched form of the citric acid cycle which provides fumarate as an anaerobic electron acceptor during anaerobic metabolism (Guest et al., 1990) .
Two distinct classes of fumarase have been discovered, primarily by cloning and sequencing the fumarase genes of Escherichia coli K12 (Guest & Roberts, 1983; Miles & Guest, 1984; Guest et al., 1985; Woods et al., 1986 Woods et al., , 1988a Bell et al., 1989) . This organism contains at least three fumarase genes: fumA and fumB encoding two similar Class I enzymes, designated FumA and FumB; and f u m e , encoding the unrelated Class I1 enzyme, designated FumC. The nucleotide sequence data reported in this paper have been submitted to Genbank and assigned the accession number LO561 1.
FumA and FumB (Class I) are oxygen-labile, ironsulphur-containing homodimeric enzymes (subunit Mr 60000) exhibiting 90% sequence identity (Bell et al., 1989) . Aerobically inactivated FumA can be reactivated by anaerobic incubation with Fe2+ and thiols (Yumoto & Tokushige, 1988; Ueda et al., 1991) . Recent EPR spectroscopy has shown that FumA resembles aconitase in containing a [3Fe4S] cluster which is converted to a [4Fe-4S] cluster upon activation (Ueda et al., 1991; Flint et al., , 1992 . Other Class I fumarases include the immunologically cross-reacting and highly unstable enzyme of Euglena gracilis (Shibata et al., 1985; Woods et al., 1988a) and the oxygen-labile fumarase detected in Bradyrhizobium japonicum (Acuiia et al., 1991) . In addition, these enzymes may belong to a wider group of hydratases and other enzymes which contain Fe-S centres but do not catalyse redox-reactions e.g. aconitase, L( +)-tartrate dehydratase, maleate dehydratase, L-serine dehydratase, lactyl-CoA dehydratase, 2-hydroxyglutaryl-CoA dehydratase, dihydroxyacid dehydratase, DNA endonuclease I11 and glutamine PRPP amidotransferase (Switzer, 1989 ; Cammack, 199 1 ; Buckel, 1992) .
In contrast, FumC (Class 11) is a stable homotetrameric enzyme (subunit M , 50000) which is related to the products of the citG gene of Bacillus subtilis (Moir et al., 1984; , the FUMI gene of Saccharomyces cerevisiae (Wu & Tzagoloff, 1987) and the fumC gene of Bradyrhizobium japonicum (Acuiia et al., 199 l) , and to the mammalian mitochondria1 fumarases (Kinsella & Doonan, 1986; Suzuki et al., 1989; Sachettini et al., 1988) . The Class I1 fumarases from diverse sources exhibit a remarkable degree of amino acid sequence conservation (50-65% identity). It is also clear that the Class I1 fumarases belong to a family of structurally related homotetrameric enzymes including aspartase, argininosuccinase (Woods et al., 1988 b) and adenylosuccinase (He et al., 1992) , which are 38 %, 15 O/ O and 19 O/O identical to FumC, respectively. In previous studies with citG mutants of B. subtilis there was no evidence for multiple fumarases (Rutberg & Hoch, 1970) , suggesting that the obligately aerobic bacilli (Gram-positive) may differ from the facultatively anaerobic enterobacteria (Gram-negative) in containing a single Class I1 fumarase rather than representatives of both classes. A fumarase gene of B. stearothermophilus was therefore sought for use in amplifying a thermostable and oxygen-insensitive enzyme for structural and mutagenic studies. This paper reports the characterization of a gene VumA,,) encoding a Class I (oxygen-labile) fumarase, as well as preliminary evidence for the presence of a Class I1 fumarase in B. stearothermophilus. An adjacent gene related to the nodB genes of nodulating bacteria was also characterized, and a novel relationship between the Class I fumarases and a pair of unidentified E. coli genes was detected.
Methods
Bacterial strains, plasmids and phagemids. The bacterial strains, plasmids and phagemids are listed in Table 1 . E. coli JH400 lacks all threefum genes and was used in the cloning and complementation studies; other strains used for the isolation and propagation of phages and phagemids were: C600 (AZAPII derivatives), JM 101 (M 13 derivatives), and XL1-Blue (phagemids). The gene bank of B. stearothermophilus var. non-diastaticus (DSM 2334) contained products of complete and partial EcoRI digestion (2 to 9 kb) ligated in the Stratagene vector AZAPII (Mallinder et a/., 1992) . Phagemids were excised from AZAPII derivatives by the in vivo procedure provided by the supplier.
Media and growth conditions. The rich medium used for routine subculture was L-broth. A weak peptone medium (BBL) was used to detect Afum phages as described previously (Guest & Roberts, 1983) . Transformants of E. coli JH400 were tested for complementation of the Fum-phenotype on plates of citrate-free minimal medium (Cole & Guest, 1980) containing glucose (1 1 mM), sodium L-malate (40 mM) or sodium fumarate (40 mM) as sole carbon source and supplemented with methionine (40 pg m1-l) and ampicillin (100 pg ml-') as required. All strains were grown aerobically at either 30 "C (A-infected cultures), 55 "C (thermophiles) or 37 "C (other strains). Henson et al. (1987) Guest & Roberts (1983) Bullock et al. (1987) Mallinder et al. (1992) Liao etal. (1986) Moir et al. (1979) Sharp et al. (1986) Stratagene This study Moir etal. (1984) Guest & Roberts (1983) Woods & Guest (1987) Enzymology. Cultures were grown in L-broth to early stationary phase, harvested, and disrupted by ultrasonic treatment (6 periods of 30 s, frequency 10 MHz, at 0 "C with 30 s intervals) in 40 mwpotassium phosphate buffer, pH 7.8. Cell debris was removed by centrifuging at 11 600 g for 30 min and supernatants (cell-free extracts) were assayed the same day for fumarase by following the formation of fumarate from L-malate at 240 nm and at 55 "C (unless otherwise stated) : activities are expressed in units (pmol fumarate formed min-') per mg protein using an extinction coefficient of 2-44 1 mmol-' cm-' at 240 nm (Hill & Bradshaw, 1969) . For heat treatments, samples (100 pl) of the extracts were incubated at 50°C for specified times either in air (aerobic samples) or degassed and held in an anaerobic cabinet (0 "C for 30 min) under an atmosphere of H,/N2/C0, ( 5 : 85: 10, by vol.) and sealed prior to incubation (anaerobic samples) ; the residual activities were assayed under aerobic conditions. Protein was assayed according to Bradford (1976) using Bio-Rad reagent. Native M , values were determined by gel-filtration with crude extracts (0.5 ml) of B. stearothermophilus (1.2 units) and plasmid (pGS509)-amplified JH400 (46 units), using a Pharmacia XK26 column containing a Sephacryl 200HR matrix, equilibrated and eluted (1.5 ml min-') under aerobic conditions with 40 mM-pOtaSSiUm phosphate buffer, pH 7.8. The column was calibrated using standard proteins (M,) : @-amylase (200 000) ; alcohol dehydrogenase (1 50 000) ; carbonic anhydrase (29000); cytochrome c (12300). Fractions (5 ml) were collected and assayed for fumarase activity. SDS-PAGE was performed by the method of Laemmli (1970) . E DNA manipulation and sequencing strategy. Standard methods were used for cloning, restriction endonuclease digestion, plasmid isolation and transformation (Sambrook et al., 1989) . The sequencing strategy involved cloning the 0.9 kb, 0.6 kb and 1.4 kb EcoRI fragments of pGS509 into the corresponding site of M13mp18 and sequencing with universal primer (Fig. 1) . Deleting HindIII and Sun fragments from appropriate restriction fragment derivatives allowed further sequence to be obtained. Synthetic primers were used to complete the sequence with pGS509 as the double-stranded template. Single-stranded and double-stranded templates were sequenced by the dideoxy chain termination method, using Sequenase (Sequenase protocols, United States Biologicals). Oligonucleotides were synthesized using an Applied Biosystems 381 DNA synthesizer.
Nucleotide sequences were compiled and analysed using the Staden computer programs (Staden, 1980 (Staden, , 1982 (Staden, , 1984 Staden & McLachlan, 1982) . Multiple sequence alignments were generated initially by the CLUSTAL microcomputer programs (Higgins & Sharp, 1988 (Sambrook et al., 1989) . The blots were hybridized for 18 h at 60 "C with 6 x SSC (low stringency) and washed (2 x 15 min) with 2 x SSC plus 0.1 YO SDS (w/v) at 65 "C
[2 x SSC contains NaCl ( 0 . 3~) and sodium citrate (0.03 M, pH 7)]. Probes containing specific regions of four fumarase genes were derived from M 13 templates by primer-extension labelling with digoxygenin (Boehringer Mannheim) : citG, 0.8 kb BclI-Hind111 fragment of pGS96 in M13mplO ;fumC, 0.8 kb XhoI-BcZI fragment in M13mplO (Woods et al., 1986) ;fumA, 0.7 kb PstI-BclI fragment in M13mp8 (Miles & Guest, 1984) ; fumABst, M13mp18 derivatives F14LH and F6R, see Fig. 1 . The corresponding restriction fragments were isolated by electrophoresis in a low melting point agarose gel for use in hybridization and detection was according to the manufacturer's instructions.
Materials. Restriction endonucleases and DNA ligase were purchased from Northumbria Biologicals, the Sequenase kit was from Cambridge Bioscience, the non-radioactive (digoxygenin) DNA- 
Results and Discussion
Cloning a furnarase gene of B. stearotherrnophilus A AZAPII gene bank of B. stearotherrnophilus was screened for Afurn phages by their ability to produce transduction plaques on E. coli JH400 (AfurnAC AfumB). Two distinct and stably inherited plaque morphologies were detected. Those designated smoke rings were turbid rings of 3-6 mrn diameter having clear centres that eventually filled with diffuse micro-colonies, whereas the galaxies consisted of compact clusters of micro-colonies. The aetiology of these morphologies is unknown, but neither was exactly like the dense transduction plaques obtained with AfumA and AfumB or the lysogen-filled plaques obtained with the B. subtilis counterpart, AcitG (Guest & Roberts, 1983; Moir, 1983) . This is probably because AZAPII contains a ColEl replicon which would prevent stable prophage integration. Studies with the corresponding lysogens were frustrated by instability and irreproducibility, possibly for the same reason.
The complementing phages were purified, converted to pBluescript phagemids, and studies with double-stranded phagemid DNA from nine independent phages showed that they contain a nested set of three to five EcoRI fragments inserted with the same polarity. Four phagemids (represented by pGS509) contained the common 3 kb insert consisting of three EcoRI fragments (0.92, 0.64 and 1-40 kb), whereas three (represented by pGS511) contained an extra 1.16 kb EcoRI fragment, and two (represented by pGS507) contained a further 1-50 kb EcoRI fragment ( Fig. 1 ). There was no correlation between plaque morphology and inserted DNA.
Characterization of the phagemid-encoded fumarase
The fumarase-deficient strain JH400 grows on malate minimal medium but not with fumarate as the sole carbon source. This nutritional lesion was complemented by transformation with pGS507, pGS509 and pGS5 1 1, as with pGS54 V;lmAC), pGS96 (citG) and pGS210 (fumC), but not with pBluescript. The fumarase activity [units (mg protein)-l] in cell-free extracts of JH400 (0.006) was likewise increased in transformants containing pGS507 (45-3), pGS509 (31.8), pGS511 (8-4), pGS54 (91.0), pGS96 (7.4) and pGS210 (40.3). Further studies with JH400(pGS509) indicated that a polypeptide of MI. 58000 is amplified to approximately 40% of soluble cell protein in freshly transformed cells (Fig. 2) . In gel-filtration, the fumarase activity eluted with an apparent MI. of 117000 indicating that the enzyme is homodimeric. The fumarase activity was unstable in air and rapidly inactivated by ammonium persulphate (Fig. 2) but the rate of inactivation could be lowered by fumarate (2 mM) and partial reactivation was obtained by incubating with 0.5 mM-Fe2+ plus 50 mM-dithiothreitol. These results indicate that the common 3 kb inserts of pGS507, pGS509 and pGS511 express an oxygen-labile homodimeric (Class I) fumarase, FumABst. When amplified in E. coli, the enzyme had a thermostability consistent with its source. The temperature optimum was 55-60 "C and, when incubated under anaerobic conditions, the half-lives (min) at different temperatures were: > 100 (50 "C), 20 (60 "C) and < 5 Bacillus stearothermophilus furnurases 409 A G   1810  1820  1830  1840  1850  1860  1870  1880  1890 1910 1920 1930 1940 1950 1960 1970 1980 (70 "C). In contrast, only a fraction (3040%) of the fumarase activity in cell-free extracts of B. stearothermophilus was oxygen-labile (Fig. 2) . Indeed, most of the activity was insensitive to ammonium persulphate and eluted with an apparent Mr of 160000 in gel-filtration, strongly indicating that, like E. coli, B. stearothermophihs contains an oxygen-stable (Class 11) fumarase as well as an oxygen-labile (Class I) enzyme. An in vitro transcription-translation analysis (Fig. 3) showed that the three phagemids express a major labelled product ( M , SSOOO), presumed to be the fumarase subunit, two minor products ( M , 43000 and 27000) and P-lactamase ( M , 30000). The novel products exceed the coding capacity of the common insert (MI-100000 approximately), which could mean that one or both of the minor products are in vitro artefacts or degraded forms of the major product.
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Sequence analysis and location of the coding regions
The complete nucleotide sequence of the common 3 kb fragment was determined by the strategy summarized in Fig. 1 . The sequence (Fig. 4) was fully overlapped and 98% was derived from both strands. Two complete coding regions were detected using the FRAMESCAN and POSITIONAL BASE PREFERENCES options of ANALYSEQ (Staden, 1984) in conjunction with a codon usage table compiled from the open reading frames detected by Mallinder et al. (1992) . The first (coordinates 174 to 1715) encodes a product of Mr 56788 (514 amino acid residues including formyl-methionine), which corresponds to the major in-vitro-synthesized product. It could be identified as the Class I fumarase of B. stearothermophilus, FumA,,,, by virtue of its sequence similarity with FumA and FumB. The second coding region (or$?, coordinates 1842 to 2636) encodes a product of M , 30563 (Orf2, 265 amino acids), which probably corresponds to the in-uitro-synthesized product of Mr 27000 (Fig. 3) and resembles the NodB proteins (see below). There is also an incomplete coding region (orf3) starting at coordinate 2699 and extending for 263 bp to the end sequenced region, but this could not be identified by database searching.
The fumA.,, coding region is preceded by a putative promoter sequence resembling the 0 7 0 and Eo4, promoters of E. coli and B. subtilis (respectively) and a potential ribosome-binding site (Fig. 4) . It is followed by a potential stem-loop structure (AG = -89.9 kJ mol-') which could serve as a rho-independent terminator. The start codon (TTG) predicted for or$? is not uncommon in Gram-positive bacilli -e.g. B. subtilis argC (Smith et al., 1986) and gerA (Feavers et al., 1990) , and B. pumilis cat86 (Harwood et al., 1983 )-and it is preceded by a well-placed ribosome-binding site. Neighbouring ATG codons at coordinates 1777, 1822, 1972, 1990 and 2184 (Fig. 4) are not associated with a ribosome-binding site, and in the latter case are situated well downstream of a region of similarity with the NodB proteins (see below). No potential terminator sequences for or$?, or ribosomebinding sites for o r -, were detected.
Multiple sequence alignment and detection of two fumArelated genes in E. coli In addition to the observed similarities between FumA,,, and the FumA and FumB proteins, a database search revealed that OrfZl and OrfZ2, the products of adjacent open reading frames located upstream of the rpsUdnaG-rpoD operon at 67 min in the E. coli linkage map (Nesin et al., 1987) are similar to the respective N-and Cterminal moieties of the FumA-related proteins. This suggests that OrfZl and OrfZ2 combine in forming an iron-sulphur-containing hydratase-dehydratase with an a& structure like the L-tartrate dehydratase of Pseudomonas putida (Kelly & Scopes, 1986) or the (aRZ structure like 2-hydroxyglutaryl-CoA dehydratase of Acetaminococcus fermentans (Schweiger et al., 1987) , rather than the homodimeric (a,) arrangement in the Class I fumarases.
A multiple sequence alignment for the FumA family is shown in Fig. 5 Woods et al. (1988a, b) ; Aimi et al. (1990) l. The alignment shows that 58 (12.7%) of 457 equivalenced residues are conserved in all of the sequences, including 3 of the 9 or 10 cysteine residues, only 1 of the 11 to 14 histidine residues, and as many as 16 glycine plus proline residues (possibly because the latter residues flank regions of conserved secondary structure). Cysteine residues generally provide ligands for iron atoms in iron-sulphur proteins via motifs such as CxxCxxC in bacterial ferredoxins or CxxC in ACN, where the [4Fe4S] cluster has three cysteine ligands (Robbins & Stout, 1989a, b) . The three conserved cysteine residues, c62, c,,, and C,,, at positions 108, 238 and 334 in the alignment (Fig. 5) , could presumably perform this function in FumA. Previously, residue C,,, (position 334) and two residues in the CxxC motif near the C-terminus of FumA were proposed as the three iron ligands (Prodromou et al., 1992) but it is now clear that the CxxC motif is not conserved in the other FumArelated proteins, FumA.,, and OrfZl/Z2 (Fig. 5) .
Only one histidine residue (H,,, in FumA, position 420) is conserved in the alignment (Fig. 5) . This residue was identified previously as a potential active-site residue because its context resembles that of an active-site histidine residue in ACN (Prodromou et al., 1992) . The similarity extends to aligned sequences in related enzymes, ACN, IREBP and IPMI (Fig. 6a) . However, these sequences show no similarity to those containing the sole conserved histidine in the Class I1 fumarases, ARS and ASL, where there is a GxTHxxA consensus (Woods et al., 19883; Aimi et al., 1990) .
There are three conserved lysine residues and two conserved arginine residues in the multiple alignment (Fig. 5) which could provide carboxyl-binding sites. One of the lysine residues (K%z in FumA at position 489) is in the only significant sequence motif that is shared by both the FumA (Class I) and FumC (Class 11) ASP, ARS and (Miles & Guest, 1984; Bell ef al., 1989) ; OrfZ2,OrfZ2. Eco (Nesin et al., 1987) ; FumC, FumC.Eco (Woods et al., 1986) ; aspartase, AspA. Eco (Woods et al., 1986) ; adenylosuccinase, ASL. Eco (He et al., 1992) ; aconitase, ACN. Eco (Prodromou et al., 1992) ; porcine heart aconitase, ACN . Por (Zheng et al., 1990) ; isopropylmalate isomerase, IPMI . Sty (Rosenthal & Calvo, 1990) ; human iron-responsive-element binding protein, IREBP . Hum (Rouault et al., 1990) ; B. subtilis fumarase, CitG.Bsu ; human argininosuccinase, ARS . Hum (Aimi et al., 1990 (Fig. 6 6) . This motif was originally discovered by Woods et al. (1988a, b) and later designated as the ' signature sequence ' for enzymes which catalyse /3-elimination reactions (Aimi et al., 1990) . However, with the inclusion of further sequences, the original GSxxMxxKxN consensus has degenerated to GxxxxxxKxx, but it still draws attention to a potentially important lysine residue (Fig. 6b) . It may also be significant that the leucine and glutamate dehydrogenases contain a conserved lysine residue in a KGGG motif (McPherson et al., 1988; Nagata et al., 1988; Teller et al., 1992) and such a motif occurs at positions [192] [193] [194] [195] in the three Class I fumarase sequences (Fig. 5 ). This motif is not retained in OrfZl/Z2, where the substrate is unknown, but there are other lysine residues within conserved KG and motifs at positions 489-490 and 1 19-1 2 1, respectively.
Distribution of the Class I and Class 11 fumarase genes
Hybridization probes containing segments of the fumA, fUmAB,,, fumC and citG genes were used with EcoRI digests of bacterial DNA to assess the distribution of the two classes of fumarase in different species by Southern blotting. Identical results were obtained with the two fumAB,, probes shown in Fig. 1 , specific hybridization being detected with B. stearothermophilus NRRLll74 (23 kb) and B. caldotenax (9.5 kb) but not with B. subtilis 1604 or E. coli (Fig. 7a) . No hybridization was detected
between the E. coli fumA probe and any of the Bacillus species. Using the cross-hybridizing citG or fumC probes , hybridization was detected with B. stearothermophilus NRRL 1 174 (8.8 kb), B. caldotenax (1 0 kb) and B. stearothermophilus var. non-diastaticus (4.1 kb) (see Fig. 7 b for results with the citG probe).
These results indicate that the thermophilic bacilli contain a Class I fumarase gene (analogous to fumABsr) and a Class I1 fumarase gene (analogous to the fumC and citG genes of E. coli and B. subtilis). The B. stearothermophilus gene bank is now being screened by hybridization for phages containing fumC,,, DNA since none was recovered by complementation. Despite the absence of hybridization with B. subtilis DNA and the lack of fumarase activity in citG mutants (Rutberg & Hoch, 1970) , it cannot be concluded that B. subtilis has no Class I fumarase, because the corresponding B. subtilis gene may not hybridize with the fumA probes and an oxygen-labile product may have escaped detection in previous work.
Features of Orf2
Database searches revealed a significant sequence relationship (21-39 O h identity, 39-52 % similarity) between the 21 1-residue C-terminal segment of Orf2 and the NodB proteins of Rhizobium and Bradyrhizobium (Fig. 8 ). The precise function of the nodB gene has not been defined but it forms part of the nodABC operon, Bacillus stearothermophilus fumarases 4 13 which is involved in the initiation of root nodulation, possibly by generating signalling molecules that stimulate plant cell mitosis (Downie, 1991; Schmidt et al., 1991; Fisher & Long, 1992 (Liochev & Fridowich, 1992) . The soxR regulatory system operates during oxidative stress to maintain cellular redox balance and normal metabolic flux, and this would be favoured by replacing the unstable FumA by FumC. In contrast, fumA is a member of the arcA and crp modulons, i.e. subject to aerobic respiratory control and catabolite repression, whereas fumB is subject to anaerobic repression and belongs to the fnr modulon (Woods & Guest, 1987; Guest & Russell, 1992) . Database searches revealed significant similarity between the Class I fumarases and the products, OrfZl and OrfZ2, of two adjacent E. coli genes, indicating that the latter combine to form an oxygen-labile, iron-sulphurcontaining hydratase4ehydratase. Work is now in progress to isolate the fumC,,, gene and to characterize the OrfZl/22 enzyme. Putative active-site residues and structural motifs were detected by sequence comparisons with aconitase, isopropylmalate isomerase and other related enzymes. B. stearothermophilus was also shown to contain a gene that resembles the nodB genes of Rhizobium and Bradyrhizobium where it is essential for the initiation of root nodulation. 
